Abstract Ratio of percentage depth dose (PDD) at two depths, PDD at a depth of 10 cm (PDD 10 ), and beam flatness are monitored regularly for radiotherapy beams for quality assurance. The purpose of this study is to understand the effects of changes in one of these parameters on the other. Is it possible to monitor only the beam flatness and not PDD? The investigation has two components. Naturally occurring i.e., unintended changes in PDD ratio and in-plane flatness for 6 and 10 MV photon beams for one particular Siemens Artiste Linac are monitored for a period of about 4 years. Secondly, deliberate changes in the beam parameters are induced by changing the bending magnet current (BMI). Relationships between various beam parameters for unintended changes as well as deliberate changes are characterized. Long term unintentional changes of PDD ratio are found to have no systematic trend. The flatness in the inplane direction for 6 and 10 MV beams show slow increase of 0.43 and 0.75 % respectively in about 4 years while the changes in the PDD ratio show no such trend. Over 10 % changes in BMI are required to induce changes in the beam quality indices at 2 % level. PDD ratio for the 10 MV beam is found to be less sensitive, while the depth of maximum dose, d max , is more sensitive to the changes in BMI compared to the 6 MV beam. Tolerances are more stringent for PDD 10 than PDD ratio for the 10 MV beam. PDD ratio, PDD 10 , and flatness must be monitored independently. Furthermore, off axis ratio alone cannot be used to monitor flatness. The effect of beam quality change in the absolute dose is clinically insignificant.
Introduction
Radiotherapy linear accelerators produce photon beams from electrons which are produced in heated filaments. These electrons gain energy from radio frequency heating as they pass through accelerating waveguides. These high energy electron beams are bent by a system of bending magnets in many radiotherapy Linacs before interacting with a high atomic number target (Usually, made of Tungsten). The bending magnet system also contains focusing and steering coils. The bending magnet is used to change the direction of the electron flow but also serves to select electrons having certain energy by letting them pass through an exit window. Once exited the electrons hit the Tungsten target and produce photons by the process of Brehmstrulung interaction. The distribution of the mostly forwardly propagating narrow photon beam is then passed through a flattening filter to flatten the beam for radiotherapy. The shape and size of the flattening filter is optimized for a given photon energy beam characterized by energy spectrum, attenuation, and beam hardening to yield a relatively flat profile after travelling through the patient or water phantom through a given depth, usually, 10 cm (clinical depth). There are vender specific general steering and focusing coils and a feedback servo system to adjust beam characteristics manually and/or dynamically while the beam is running. For this work, we will focus on the bending magnet current (BMI), which is used to control the beam flatness, in particular in the gun-target (or inplane) direction. BMI is primarily used to adjust or fine tune the energy of the photon beam. We are using the term ''energy'' broadly to mean ''beam quality''. Changing the energy inevitably changes the flatness since the flattening filter is of fixed shape and size and is optimized for specific beam energy. Because of this connection between the energy change and flatness change there is a suggestion that monitoring the flatness can be used as a proxy for monitoring the energy [1] . The present work is motivated to investigate this possibility. This would be a shortcut and a departure from the traditional method of measuring the ratio of percentage depth dose at two different depths, either directly or by some other effectively equivalent method [2] . Beam energy and beam flatness are two of the many quantities monitored for constancy as quality assurance indicators of radiotherapy megavoltage photon beams as recommended by the AAPM Task Groups TG-40 and TG-142 [3, 4] . Flatness and beam quality are required to stay within ±2 % (TG-40) and ±1 % (TG-142) of the base values which are used for commissioning the treatment planning system. This work examines if one of these quantities corresponds to the other. That is, if the flatness is known, does it tell what the energy is at any given time for a given beam? There is not much discussion about this in the open literature with the exception of a recent work by Gao et al. [1] . In this work we intend to explore the relationship of beam quality and flatness and their effects on dosimetry by inducing deliberate changes in a controlled manner.
Methods
Energy and flatness measured during the monthly quality assurance checks (QA) for one of the linacs in our Institution are compiled for analysis. One Siemens Artiste linac (Siemens Medical Systems, Concord, CA) is chosen for this purpose. It is chosen for the convenience of its ability to intentionally change the energy and ease of bringing back to the original setting with certainty. This is true for Siemens linacs because the adjustments are digital and BMI can be reverted to the original value which is an integer. The uncertainty in BMI reversion is less than 1 in 2054 and 3280 for 6 and 10 MV beams. Both 6 and 10 MV photon beams are analyzed from the chosen linac. During the monthly QA energy is measured as a ratio of percentage depth dose at 20 to 10 cm, PDD 20 /PDD 10 , in solid water phantom at 100 cm source to surface distance (SSD) for a field size of 10 9 10 cm 2 . A 0.6 cc calibrated Farmer ion chamber (PTW-Freiburg, Germany) is used for this measurement. We note that no density correction for the solid water was made.
The flatness is measured using the MatriXX (IBA Dosimetry, Germany), a two dimensional ion-chamber array. The ion-chambers have 0.5 cm diameter in the perpendicular direction to the beam and are separated by 7.6 cm center-to-center distance. The long axes of the ion chambers are along the beam direction. The depth of measurement is about 11 cm and the setup is 100 cm source to axis distance (SAD). The flatness is defined as:
where, D max and D min are the maximum and minimum dose along the profile within the core 80 % of the field size. This definition of flatness is in accordance with IEC60976. The field size used in these measurements is 20 9 20 cm 2 . In the second part of our study the beam energy is changed deliberately. Energy or the beam quality is changed via changing the BMI in a controlled manner. We change the BMI from -20 to ?20 % of the clinical values for both 6 and 10 MV photon beams. These changes in BMI may seem large, but large amount of change in BMI is needed to change few percent in beam quality. Also, a large variation of control parameter helps one to understand relationship between variables better. For small variation of the control parameter the trend may not be manifested clearly.
The measurements are made in water using the PTW scanning system (PTW MP3 Water Phantom Systems, PTW-Freiburg, Germany). Both profiles and PDD are measured with a 0.2 cc IC ion chamber. PDD is measured at the central axis for 10 9 10 cm 2 filed size at 100 cm SSD and is normalized to the depth of maximum dose. To account for the effective depth of measurement for cylindrical chamber, the depth ionization curves are shifted upstream by 1.8 mm (0.6 times the radius of the ion chamber cavity). The flatness is defined as shown in Eq. 1 and is measured for a field size of 30 9 30 cm 2 at depths of 1.5, 5.0 and 10.0 cm. The flatness as defined above actually quantifies un-flatness. Nonetheless the term flatness is widely used and thus we continue the same usage.
Results and discussion
Results are divided into two major parts. First, the longterm trends of beam quality index and in-plane (or radial) flatness from a particular Linac are presented. These data are extracted from the monthly QA measurements done by assigned physicists. Second, we have deliberately change the beam quality by changing the BMI and presented the results in terms of its effect on various beam quality indices and inplane flatness.
Long-term natural trends
We define natural changes when changes in beam quality or flatness etc. are not caused intentionally by users rather occurs due to changes in target degradation, gun current etc.
Long-term trends from monthly QA measurements: PDD ratio
The PDD ratio, PDD 20 /PDD 10 , the ratio of PDD at 20 cm depth to PDD at 10 cm depth for 6 and 10 MV beams are shown in Fig. 1a, b respectively. There is no apparent temporal trend seen in this data. The ratios do not go up or down on average by any significant amount over the time period of study. A linear fit to the data yields slopes of 4 9 10 -7 and -6 9 10 -7 per day respectively for the 6 and 10 MV data. These slopes are zero for all practical purposes. The mean of the PDD ratios are 0.575 and 0.632 having standard deviations of 0.001 and 0.002 for the 6 and 10 MV beams respectively. The ratio values would be slightly lower if the density correction for solid water was made. There are quite a few data points beyond two-standard deviations. There are considerable human factors or user error in the data. These are taken by more than half dozen individual physicists and more medical physics residents.
Long-term trends from monthly QA measurements: inplane flatness
The flatness for 6 and 10 MV beams are shown in Fig. 2a , b. Both show a slow rise with time. Overall, the in-plane flatness increased by 0.43 and 0.75 % for 6 and 10 MV beam profiles respectively, during the time period of the study.
Long-term trends from monthly QA measurements: PDD ratio and flatness correlation
The fact that there is an increase in the flatness while there is no such temporal change in the PDD ratio can be further analyzed through the scatter plots of flatness-PDD ratio as shown in the Fig. 3a , b. They show no apparent correlation. Actually, the correlation coefficients are as low as 0.089 and -0.233 respectively for 6 and 10 MV beams. A single outlier in Fig. 3b (flatness slightly greater than unity) is probably due to user error.
The implication of Figs. 1a, b, 2a, b, 3a, b is that the flatness change is not originating from the beam quality change. Just like the linac output, flatness and perhaps beam quality can be affected by many factors [5] and their complex interplay makes it very difficult to establish a cause and effect relationship. We note that the BMI has not been changed neither manually, nor has it drifted from their original values set during the acceptance of the linac.
Effects of deliberate change in beam quality
Although it is seen that the cause and effect relation is difficult to ascertain it would be interesting to confirm the conceptual connection of beam energy with the beam flatness. We have changed the BMI over a range of values starting from -20 to ?20 % of the original clinical value. For each BMI value we have scanned the depth dose in There is no systematic increase or decrease of PDD ratio with time water at 100 cm SSD for a field size of 10 9 10 cm 2 . These experiments are difficult and time-consuming. For this reason it was not possible to systematically repeat measurements and calculate the uncertainty in each measurement. But we have repeated the measurements for certain values of BMI change. For those cases we mention the standard deviation in various sections. Figure 4a shows the percent change in the ratio of PDD at depth of 20 cm to that at 10 cm depth for 6 MV beam (discrete blue diamonds). The solid (blue) curve is a least square fit to the data with a quadratic function. The original PDD ratio at original BMI was 0.578. The change in PDD ratio in Fig. 4a was computed from this baseline value. The original BMI value was 2054 mV corresponding to a current of 12.6 A. The changes in BMI are computed from this baseline value.
Deliberate change of beam quality: PDD ratio
The recommended tolerances for the beam quality by TG-142 and TG-40 are ±1 and ±2 % respectively. We have depicted the boundaries of these values by inner (green) and outer (red) rectangles. These two bounds of PDD ratio correspond to BMI bounds of (-7.2, 6.1) and (-12.5, 16.2) respectively. The latter bounds of BMI are roughly ±6.7 and ±14.4 % corresponding to only ±1 and ±2 % changes in PDD ratio. This suggests that a large change in BMI is required to induce a PDD ratio change at the recommended tolerance levels. Figure 4b shows the percent change in the ratio of PDD at depth of 20 cm to that at 10 cm depth for 10 MV beam (discrete blue diamonds). The original PDD ratio at The tolerances of ±1 and ±2 % in PDD ratio and the corresponding BMI bounds are shown as inner (green) and outer (red) rectangles. These two bounds of PDD ratio correspond to BMI bounds of (-9.9, 6.8) and (-16.3, 19 .9) respectively. The bounds of BMI are roughly ±8.4 and ±18.1 % corresponding to only ±1 and ±2 % changes in PDD ratio. Thus, a larger change in BMI is required to induce a PDD ratio change at the recommended tolerance levels for the 10 MV beams compared to the 6 MV beam, indicating that PDD ratio for the 10 MV beam is less sensitive to the changes in the BMI than 6 MV beam.
Deliberate change of beam quality: PDD at 10 cm depth Besides PDD ratio, the PDD value at depth of 10 cm, PDD 10 , is also considered a beam quality index. We now present the effect of deliberate change in BMI on this beam quality index. The PDD is taken in water at 100 cm SSD for 10x10 cm 2 field size. Figure 5a shows the change in PDD at depth of 10 cm in water for 6 MV beam (discrete blue diamonds). The original PDD at depth of 10 cm at original BMI was 67.0 %. The change in PDD in Fig. 5a was computed from this 6 MV: PDD Ratio Change Figure 5b shows the change in PDD at depth of 10 cm in water for 10 MV beam (discrete blue diamonds). The original PDD at depth of 10 cm at original BMI was 74.0 %. The change in PDD in Fig. 5b was computed from this baseline value.
Recommended tolerances for the PDD at depth of 10 cm by TG-142 and TG-40 are again ±1 and ±2 % respectively. These values correspond to bounds in BMI of (-4.8, 8.3) and ((-11.3, 14.8) respectively for 6 MV beam. The corresponding BMI bounds for 10 MV beam are (-5.6, 6.6) and (-11.6, 12.6).
The bounds of BMI are roughly ±6.6 and ±13.1 % corresponding to ±1 and ±2 % changes in PDD 10 for the 6 MV beam. The corresponding BMI bounds for the 10 MV beam are roughly ±6.1 and ±12.1 % corresponding to ±1 and ±2 % changes in PDD 10 . The two beam qualities, namely, PDD ratio and PDD 10 both have the similar sensitivity for the 6 MV beam. But for the 10 MV beam the BMI tolerance values are lower for PDD 10 , namely, ±6.1 and ±12.1 % compared to ±8.4 and ±18.1 % for PDD ratio. That is, PDD 10 is more sensitive to BMI change for the 10 MV beam than PDD ratio. In other words ±1 and ±2 % tolerances for PDD 10 are more stringent than PDD ratio.
Repeated measurements yield standard deviation of 0.10 and 0.04 % in the PDD values for 6 MV beams at depths of 10 cm for BMI change of 0 and 10 % respectively. For the 10 MV beams the standard deviation in the values of PDD at depths of 10 cm is 0.13 for 0 % BMI change.
Deliberate change of ''beam quality'': depth of maximum dose, d max
The depth of maximum dose, d max , is not considered a legitimate beam quality index due to the complication arising from electron contamination in the photon beams, although it has a similar role in the clinical sense. As such there is no quality requirement for d max suggested by either TG-40 or TG-142. However, acceptance criteria from venders of linacs specify a tolerance of ±2 mm from the stated d max along with a tolerance of ±1 % for PDD 10 . We investigate the effects of BMI change on d max . Figure 6a shows the changes in dmax in mm as a function of BMI change in percent of original value for 6 MV beam. The measurement is done for a 10 9 10 cm 2 field at 100 cm SSD in water. The discrete blue diamonds are the measured change in d max and the solid line is a linear least square fit to the data. The value of d max at the original BMI was 14.7 mm and the changes in d max are calculated from this value. The red rectangle shows the boundaries of ±2 mm change in d max which corresponds to the bounds of BMI change of (-11.9, 16.4 %). This is roughly a ±14.2 % change in BMI. Figure 6b shows the changes in dmax in mm as a function of BMI change in percent of original value for 10 MV beam. The discrete blue diamonds are the measured changes in d max and the solid line is a linear least square fit to the data. The value of d max at the original BMI was 23.2 mm and the changes in d max are calculated from this value. The red rectangle shows the boundaries of ±2 mm change in d max which corresponds to the bounds of BMI change of (-9.2, 10.8 %). This is roughly a ±10.0 % change in BMI compared to a ±14.2 % change for the 6 MV beam. This suggests that d max for the 10 MV beam is more sensitive to the change in BMI compared to the 6 MV beam. This behavior of the sensitivity of d max to BMI change is opposite to that of PDD ratio. manufacturer. We note here that because of the location of the flatness minimum at shallower depth, the curve may be mis-interpreted as linear if one looks at only a part of the single curve. In reality, the flatness versus BMI curves can be fit with a quadratic curve having a very good fit with R-squared values (Coefficient of determination) of greater than 0.9. As a result of this quadratic relationship, flatness does not change much over a significant range of BMI and PDD change around the minimum of the curves. This means that although in many cases, the flatness will be a more sensitive measure of energy than a PDD measurement as suggested by Gao et al. [1] , this is not true in all cases and it is essential to monitor both the PDD and the beam flatness. The two pairs of solid vertical lines show the bounds of BMI corresponding to ±1 % (inner and green) and ±2 % (outer and red) change in PDD 10 respectively. The second pair of vertical lines (dotted) corresponds to ±1 % (inner and green) and ±2 % (outer and red) change in PDD ratio. The PDD ratio gives slightly wider range of tolerances for the BMI change. But since the curves are not symmetric around zero change in BMI the range of values of flatness for these two tolerance levels are variable. The nature of the variation is neither linear nor quadratic. If the curves were symmetric then the change in flatness would always be positive since the minimum flatness would have occurred at zero BMI change. The lack of linear relationship between flatness change and BMI change is cited by Gao et al. [1] to propose to monitor a quantity which in effect is an off axis ratio. We come back to this point in the next section. Figure 7b shows the inplane flatness for the 10 MV beam as connected symbols. Diamonds, squares, and triangles are for the depths of 10, 5, and 1.5 cm respectively.
Like the 6 MV beam the minimum flatness at d = 10 cm is not at zero BMI change rather at about -2.5 % BMI change with a flatness value of about 2.7. Like the 6 MV beam, 10 MV beam would also have minimum flatness at a depth of somewhere between 5 and 10 cm for the BMI change of zero. As the depth of measurement gets shallower the minimum flatness moves to the right in BMI change. For the depth of 1.5 cm minimum occurs at BMI change of 5 % with a value of 2.2.
The two pairs of solid vertical lines show the bounds of BMI corresponding to ±1 % (inner and green) and ±2 % (outer and red) change in PDD 10 . The second pair of vertical lines (dotted) corresponds to ±1 % (inner and green) and ±2 % (outer and red) change in PDD ratio. The PDD ratio gives a wider range of tolerance of BMI change compared to the 6 MV beam. This indicates lower sensitivity of flatness of the 10 MV beam to BMI change. Again like the 6 MV beam the curves are not symmetric around zero change in BMI.
Repeated measurements yield standard deviation of 0.07 and 0.08 % in the in-plane flatness values for 6 and 10 MV beams respectively at depths of 10 cm for BMI change of 0 %.
To have a visual impression of the variations in flatness data presented in Fig. 7a , b we present a sample of in-plane profiles in Fig. 8 [1] have reported that OAR at a shallow depth along the diagonal and at a large distance away from the central axis have this linear relationship. But we found that linear relation exists independent of the direction, distance, and depth of point where OAR is measured, at least for the cases we have investigated. Figure 9a shows the OAR for the 6 MV beam at three different off axis points 13 (blue diamonds), 10 (purple squares), and 5 (green triangles) cm away from the central axis at a depth of 10 cm. Figure 9b shows the same for the 10 MV beam. The latter shows a better linear relation than the 6 MV beam where there is some curvature in the data. As in Fig. 7a, b we also showed the vertical lines corresponding to ±1 and ±2 % of PDD 10 and PDD ratio. The maximum variation in OAR is almost 10 % over the range of ±2 % in PDD Ratio at a depth of 10 cm and off axis distance of 13 cm for the 6 MV beam and almost 20 % change in OAR for the 10 MV beam.
We note that OAR is not a measure of flatness. Fig. 9 a OAR for the 6 MV beam measured at 10 cm depth and at distances of 13 (blue diamonds), 10 (purple squares), and 5 (green triangles) cm away from the central axis. b OAR for the 6 MV beam measured at 10 cm depth and at distances of 13 (blue diamonds), 10 (purple squares), and 5 (green triangles) cm away from the central axis OAR at a single point where the peak in the profile might be and how high or low it is. This has implication to dose distribution. We recommend monitoring flatness and stay away from using OAR as a proxy to monitoring the flatness.
Implication to dosimetry
A relevant clinical question is what the dosimetric effect of changing the beam quality is. Of course the associated flatness change will effect the dose distribution. But how much does the absolute dose change; let's say at the central axis at a given depth. We can estimate the absolute dose difference along the central axis by quantifying the beam quality as functions of BMI change. As BMI changes so does all the beam quality indices. We isolate PDD 10 to quantify absolute dose change. In the k Q formalism recommended in TG-51 report [6] PDD 10 is used to determine k Q which is used in calculating absolute dose. In Fig. 11 we plotted the tabulated values of PDD 10 from the TG-51 report and corresponding k Q for a particular ion chamber (Exradin A12). The solid curve is the least square fit to the data. We estimate the range of k Q corresponding to ±1 and ±2 % change in PDD 10 and showed them as inner green and outer red rectangles for 6 MV (left) and 10 MV (right) 
Conclusions
We have studied the effects of varying beam quality indices for 6 and 10 MV photon beams for a particular Siemens Artiste Linac. We report the effects of both unintentional changes in the clinical beams as well as deliberately changing the beam quality. Natural unintended changes of PDD ratio do not have any systematic trend over about 4 year's time. The flatness in the inplane direction for 6 and 10 MV beams show a slow increase of 0.43 and 0.75 % for the period of 4 years. There is no correlation between the PDD ratio and flatness. Changes in the PDD ratio at the tolerance level of ±1 and ±2 % can be induced by BMI changes of ±7 and ±14 % respectively for the 6 MV beam and ±8 and ±18 % for the 10 MV beam indicating that the PDD ratio for the 10 MV beam is less sensitive to the changes in the BMI than the 6 MV beam. The tolerance level of ±1 and ±2 % in PDD 10 can be induced by large BMI changes of ±7 and ±13 % for the 6 MV beam and ±6 and ±12 % for the 10 MV beam.
Both the two beam quality indices, namely, PDD ratio and PDD 10 have the similar sensitivity for the 6 MV beam. But for the 10 MV beam PDD 10 is more sensitive to BMI change. That is, the recommended ±1 and ±2 % tolerances are more stringent for PDD 10 than PDD ratio for the 10 MV beam.
The tolerance level of 2 mm in d max can be induced by about ±14 % change in BMI for the 6 MV beam and about ±10 % change for the 10 MV beam This suggests that d max for the 10 MV beam is more sensitive to the change in BMI compared to the 6 MV beam.
Inplane flatness does not have a linear relationship with changes in BMI but increases on both sides of the minimum. The presence of the minimum means that for some Linac configurations the beam flatness will be at this minimum and the PDD can change without a change in the beam flatness. Although in many cases the flatness will be a more sensitive measure of energy than a PDD measurement, the results presented in Fig. 7a , b prove that this is not true in all cases and it is essential to monitor both the PDD and the beam flatness. Clinical beams and the flattening filters are optimized to yield most flat beams at a depth between 5 and 10 cm. At shallower depths the minimum flatness occurs at higher values of BMI change. The flatness change for the 10 MV beam has lower sensitivity to the change in BMI than the 6 MV beam.
Off axis ratio has approximate linear relationship with the change in BMI independent of the depth or the off axis distance. OAR cannot be used to monitor flatness.
The effects of beam quality change in the absolute dose are clinically insignificant. However, the effect of flatness change should be examined carefully.
